Prosthetic heart valves are commonly used in the treatment of valvular heart disease. Mechanical valves are more durable than the bioprosthetic valves; however, the need for long-term anticoagulant therapy renders them unsuitable for some patient groups. In this paper we discuss the different types and models of bioprosthesis, and in particular, pericardial bioprosthesis. We also discuss the preimplantation preparation processes, as well as their postimplantation changes and modes of failure.
Introduction
Prosthetic heart valves, used for the definitive treatment of diseased and dysfunctional native heart valves, have been in use since the mid 1960s. They are broadly divided into mechanical heart valves (MHVs) and bioprosthetic heart valves (BHVs). MHVs are made of synthetic material (e.g., polymers, metal, and carbon), where as BHVs are made of biologic tissues which are mounted on a fabric covered plastic frame, called a stent. MHVs are more durable, but their thrombogenicity and need for long-term anticoagulant therapy make them unsuitable for patients in some age groups especially older age groups. In contrast, BHVs are safe to implant, functionally similar to the native aortic valve, do not require long-term anticoagulant therapy, and are hence associated with reduced risk of hemorrhage. Since their introduction in the mid 1960s, BHVs have gone through many modifications, in their handling from time of harvesting to availability for implantation. Many tissues and different animal species aortic valves have been tried with varying results. Today, the most commonly used BHVs are those from porcine aortic valves and from calf pericardium. While the use of either one may be guided by patient age and other considerations, the trend in the United States and Europe has been towards greater use of tissue rather than mechanical valves [1] . This paper discusses bioprostheses, and in particular, pericardial bioprostheses. We also review the post-implantation changes in their biomaterial components and their modes of failure.
Classification of Bioprosthetic Valves
Bioprosthetic replacement heart valves are derived from human (homograft) or animal (xenograft) tissues.
2.1.
Homograft. These are derived from cadaveric (human) aortic valves. They are cryopreserved and are implanted into the aortic root without a stent. Autograft. Patient's own valve was taken from one site (pulmonary) and implanted at another site, for example, pulmonary valve grafted into the aortic site. This predominately occurs in children with diseased native aortic valves [2] .
Xenograft or Heterograft.
These are developed from animal tissues the most common being the porcine aortic valve followed by calf (bovine) pericardium. Porcine aortic valve. In porcine BHV, the valve tissue is sewn onto a fabric covered metal wire stent, made from a cobalt-nickel or another alloy. A Dacron fabric covers the entire stent and a sewing skirt is fashioned and attached to the base of the wire 2 ISRN Biomaterials stent. Contemporary models of these valves are durable and last for 10-15 years [2] .
Bovine Pericardial
Valve. Similar in design to porcine valves in that they imitate the tricuspid aortic valve, except that the metal cylinder joining the ends of stent wire is located in the middle of one of the stent post loops. At 10 years after implantation, the hemodynamics and durability of pericardial valves are equal to or greater than the porcine valves [3] .
Stentless Valves.
In bioprosthesis, as in MHV, the presence of the stent and the fabric sewing cuff leads to a residual stenosis of up to 20%. Stentless valves are meant to avoid this and to improve hemodynamics. They are made by removing the porcine aortic root and adjacent aorta en-block. The coronary arteries are tied off and the device can be trimmed as desired. The absence of a stent and sewing cuff avoids or at least minimizes residual stenosis and facilitates implantation of a larger BHV, which would enhance hemodynamics and patient survival [4] .
Changes in Biomaterials and Modes of Failure of Bioprosthetic Heart Valves
These can be divided into changes in the nonbiological components and changes in the biological components. The metal plastic stent and its fabric covering show minimal visible change. However the fabric does show tissue or pannus growth over it, connective tissue growth into its interstices, and a macrophage and giant cell response to its materials. The tissues removed from the heart (porcine, bovine, or cadaveric) are cleaned, sized, and fixed in different ways, and under varying pressures (Table 1) . These lead to changes in the tissues before implantation and are at times associated with different changes after implantation. For obvious reasons, the careful and gentle handling of tissues is critical, to prevent any visible or even invisible damage to the tissues. All manufacturers report that their pieces of device are rigorously examined and their quality assured, prior to sending the pieces of device out for usage. All pieces of device do show post implantation changes and these are discussed in general and then specifically with regard to each pericardial BHV.
Handling of Biological Tissue
The tissues once harvested are processed within 24 hours. The aortic root, valve, and proximal ascending aorta are fixed, cleaned, sized, mounted on a stent if needed, and packaged (and cryopreserved in the case of homografts). Today, most tissue valves are also treated with antimineralisation agents, to reduce tissue calcification [2, 5] . BHF failure may occur due to general causes, that is, factors common to all valves or to factors specific to each particular device. 
Valve and Preimplantation Factors

Fixation in Glutaraldehyde.
BHVs are fixed in glutaraldehyde to reduce immunogenicity. Fixation causes crosslinking of collagen, which masks the antigens leading to reduced antigen presentation and chemical stabilization. It also leads to membrane damage leading to calcium influx [6] . This calcium combines with membrane phospholipids, and in the presence of mechanical stress leads to calcium phosphate crystal nucleation, crystal growth, and valve failure due to tears and stenosis [7] . The concentration of glutaraldehyde used has gradually been decreased to 0.2% v/v, in an effort to reduce these changes, without compromising quality.
Fixation
Pressure. Broom and Thomson [8] reported that fixation of BHV under high pressure (80 mmHg) distorts the crimp geometry of collagen and causes early matrix fragmentation, stiffening and kinks in the valve leaflets during opening, and early valve deterioration. Some prostheses are now fixed at physiological pressures (under 4 mm Hg) in an effort to minimize this effect.
Antimineralisation Treatment.
Treatment of third generation valves with antimineralizing agents (alpha-oleic acid (AOA) and ethanol) and surfactant (Tween-80) is meant to reduce cusp calcification. The antimineralisation agent binds covalently to the bioprosthetic tissue and prevents calcium influx.
Design.
In low profile BHV, the supporting stent is sewn to the aortic annulus. The height-to-diameter ratio of the valve is reduced from 0.7 to 0.41, thereby narrowing the free edge angle of the valve and causing more stress and mechanical damage to the BHV [9] . Second generation BHVs have a flexible stent and redesigned cusps to cushion the mechanical pressure and promote its dissipation. BHVs, with one cusp smaller than the other two (modified orifice), have a higher incidence of thrombus in the smaller cusp, especially in the mitral position and when the small cusp is placed posteriorly. This is due to reduced cusp excursion and stasis of blood in relatively small sinus of the valve cusp with each cardiac cycle.
Stentless Valve.
In these valves there is greater proximity and increased area of contact between xenograft and the host tissue. This creates a nidus for thrombus formation and also for immunological reactivity leading to increased and early pannus growth, calcification, and early BHV failure. It can also lead to calcification of the aortic wall attached to the stentless valve, thereby causing aortic root stiffening, altered hemodynamics, wall rupture, hemorrhage, and embolization [10] .
Postimplantation Changes in Biomaterials
Biological tissues when placed in the human cardiovascular system appear to react in several ways. The first is related to the host and his/her chronological age. The second is related to the processing of the tissue, the third to the host reaction to the tissue and infact the device and finally there are changes specific to particular devices.
Age.
Children and young adults have the highest rate of early primary tissue failure and calcification due to several factors including a more competent immune system [9, 11, 12] . Today the rate of BHV failure at 10 years after implantation is <10% in elderly patients over 70 years of age and 20-30% in patients less than 40 years of age [13] .
Host Reaction to the Tissue
Cellular Reaction and Damage.
Butany et al. [14] have reported that in one model of stentless valve with no fabric covering the adventitial surface of the device, there was a significant cellular infiltrate composed of mononuclear cells and macrophages to the porcine aorta and the porcine aorta showed significant damage related to this. Some of these BHVs failed due to aortic root dilation and BHV incompetence.
Immune Process.
BHVs are likely not completely immunologically inert. The residual antigens do elicit a humoral and cellular immune response. The cusps being very thin are better fixed and being bathed by a rapidly flowing bloodstream usually show little presence of inflammatory cells. Children have a more competent immune system [11] , which is at least partly responsible for early structural valve deterioration in BHV, in them. The host IgM/IgG antibodies enter the valve matrix, followed by macrophage deposition on the surface of the valve, collagen breakdown and calcification of the BHV indicating the role of immune system in calcification [15] . 
6.2.3.
Pannus. This is the normal host tissue healing response to the surgical implantation of the BHV. It forms as a result of surgical injury leading to thrombus formation, accumulation of inflammatory cells, and release of cytokines.
Initially pannus is composed of myofibroblasts, fibroblasts, and capillary endothelial cells followed by collagen deposition (Figure 1(a) ). It starts at the site of injury, gradually extending onto the sewing cuff and stent. It can then grow over the suture line, thus creating a less thrombogenic surface [16] . If it continues to form as it does in some people, it spreads to adjacent parts of the cusps and commissures leading to cusp thickening, stiffness, progressive stenosis, and BHV dysfunction without or with varying degrees of calcification ( Figure 1(b) ). A mode peculiar to mitral valve site is commissural prolapse, where in rare instances, one or more of the porcine commissural region separates from the fabric suture line, leading to cusp prolapse and incompetence.
Site of Implantation.
Mitral valve bioprosthesis undergoes more frequent failure and tears than aortic valve bioprosthesis, related to the higher mechanical stresses on mitral valves during systole [17] . The right sided prostheses, on the other hand, last significantly longer, partly at least due to the lower pressures on this side. Tissue overgrowth is a greater problem on this side, especially in the pulmonary position, because of the "tight fit" of the prosthesis in this position.
Comorbid Condition.
Patients with renal insufficiency, hyperparathyroidism, and parathyroid tumors have altered mineral metabolism and are associated with early calcification of BHV. Systemic hypertension (leading to chronically increased diastolic closure stress), LV hypertrophy, and poor LV function are all associated with aortic BHV failure [17] . focally with deep mononuclear inflammatory cells and occasionally a multinucleate giant cells seen close to the stent post or tear ( Figure 2 ). These cells are seen irrespective of the presence or absence of infective endocarditis.
Changes Related to the Device
Paravalvular Leak (PVL).
A paravalvular leak can occur early or late after BHV implantation. The early leaks are usually related to preexisting changes at the implant site, such as edema, calcification while the late leaks may be related to the sutures dehiscence and/or to infection. PVL causes symptoms similar to those of valve failure within a few days to months or years after the valve implantation. PVL can be associated with hemolysis and low-grade jaundice as well as anemia.
Valve Thrombosis.
Thrombosis can occur at any time, but it is more common during the first three months after implantation and has an incidence of 0.1-5.7% per patient year [18] . It occurs in MHV due to inadequate anticoagulant therapy and less commonly in BHV and more commonly at the mitral site location [19] . Small thrombi may be seen attached to the basal part or at the free margins of the cusp on the inflow surface. Embolism from this is rare (Figure 3 ).
Infective Endocarditis.
It is more prevalent in the first 2 years after BHV implantation and has an incidence of 1-6% [3] . Infection begins around the sewing ring leading to a ring abscess, cusp destruction, tear, and valve incompetence. common microorganisms responsible for prosthetic valve endocarditis [20] .
Tissue Degeneration.
Tissue degeneration in BHV is usually a slow, gradually progressive, and time-dependent process, which increases, particularly after 7-8 years after implantation. It occurs prematurely in some cases, where it may be related to design of the device or host metabolic factors. Grossly it appears in the form of cusp calcification, cusp tears, perforation, stretching, thickening, stiffening, and prolapse [3] . Microscopically these changes manifest with plasma fluid and lipid insudation, tissue swelling, tissue loss, fraying of collagen fibres, and distortion of the architecture of the cusp ( Figure 5 ). These changes occur far more rapidly in children and young adults. It was believed that device failure did not occur in the absence of calcification. We know that BHV failure can occur without calcification.
Calcification. This was the major cause of BHV failure.
Histologically calcific deposits in porcine valves are seen within 3 years post implantation [21] . It occurs due to chemical interaction between aldehyde groups' phospholipids and circulating calcium ions [22] , immunological response and due to dystrophic calcification. Calcification often starts at the commissure and the basal area of the cusp [16] (Figure 6 ). Cusp movement and bending or distortion is greatest in these areas and so is stress aggregation. This is one of the explanations for the localization of tears at these sites. Calcification can lead to stenosis due to cusp stiffening and regurgitation or incompetence, due to associated cusp tears. Occasionally, calcific deposits on the surface of the cusps may embolize to distant sites.
Cusp Tears.
Cusp tears in BHV usually occur more than 5 years after implantation and are due to pressure changes during opening and closing of the cusps [9] . Tears are commonly seen at the commissure and around the stent post due to high stress aggregation at these sites and collagen degeneration [2] . They are commonly seen associated with calcification, though the calcification at the margins of tears could be a secondary phenomenon, occurring after the tear [23] (Figure 7 ). Tears in pericardial valves may also be related to heterogenicity in the structure and properties of bovine pericardium leading to variable degrees of extension and strength. This variable strength causes stretching of the cusp and its prolapse without any tear [24] .
Pericardial Valves
These valves were first introduced in the late 70s and showed great promise, with good hemodynamics. Unfortunately they were prone to early failure, due to tissue degeneration, cusp tears, and mineralization because of design-related problems. The Ionescu-Shiley valve was the first in this category.
Ionescu-Shiley Standard (ISS)
8.1.1. Design. The ISS valve was introduced in 1976. It was fabricated from bovine pericardium preserved in 0.5% glutaraldehyde and mounted on a double-velour Dacron covered titanium frame [25] . It had a commissural suture ("alignment suture"), through-and-through stitch at the top of the cusps at each stent post, to hold the adjacent cusps together at the stent (site of highest compressive stress) and to align the cusp free margins with one another. This valve had good hemodynamics but failed prematurely due to factors related to its design, that is, abrasion-related damage at the alignment suture [26] .
Modes of Failure.
Walley et al. [25] proposed that cusp tear with insufficiency was the most important cause of ISS valve failure. Other causes of ISS failure were calcification (nodular in the center of cusp), infective endocarditis, thrombus, embolism, paravalvular leak, and pannus on the cusp. The cuspal tissue showed degenerative changes. Abrasionrelated damage started around the alignment stitches, thus leading to the increasing diameter of the perforation. These holes expanded and involved the free margins and the base of the cusp. Tissue abrasion and wear were best appreciated on the outflow surface of the base of the cusp, the site of maximum abrasion between the Dacron cloth and tissue. Walley et al. also observed holes in the cusp away from the stitch site, which could be related to the fact that once tear develops at the stitch site, the cuspal tissues lose their normal fixation and become more prone to abrasive injuries. It was concluded that the alignment stitch was the focus of mechanical stress and degenerative changes in ISS valves [26] . In addition, Schoen et al. [26] observed small thrombi at the base of the cusps and inflammatory cells below the cusp surface and near calcific deposits.
Ionescu-Shiley Low Profile (ISLP).
In 1981, the ISLP was introduced to overcome the design-related deficiencies and complications of the ISS. The ISLP had superior hemodynamic performance as compared to ISS [27] .
Design.
The ISLP had a low profile, with a flexible machined Delrin stent with a radio-opaque metal wire (three curved wire pieces) at its base and a microvel Dacron covered stent. Instead of through-and-through "alignment stitches" in ISS, the ISLP had two anchoring stitches and one looping stitch with which to attach the valve leaflets to the stent post [28] (Figure 8 ). Unfortunately the duration of implantation to failure of ISLP was 2-5 years [28, 29] . Failure occurred due to stress aggregation at the alignment stitch. On the other hand, in the native human or even porcine aortic valve, stress dissipates into the aortic root due to continuation between cuspal collagen and aortic root and intima [28] .
Modes of Failure.
Butany et al. [28] in their study of 24 explanted ISLP and others [26, 30] observed that primary tissue failure and tears were the predominant mode of failure in ISLP. This was followed by infective endocarditis, thrombus, paravalvular leak, and pannus overgrowth ( Figure 9 ). ISLP had a low incidence of primary tissue failure in the first few years of followup [31] , while ISS had a 60% probability of freedom from valve failure at 6 years [32] . Tissue degenerative changes were seen in the parastent post region at or close to the new looping alignment stitch, the sites of maximum abrasion. The tears gradually extended to the free margins and the base of the cusp. The torn edges of the cusp were thickened and ragged due to deposition of thrombus and to calcification. The basal portion of the cusp also corresponding to the abrasion showed tissue degeneration. Butany et al. also reported that at the basal cusp, tears associated with ISS were absent in ISLP although ISRN Biomaterials abrasion-related changes were seen. The absence of basal tears could be due to different types of cloth (Microvel Dacron) used to cover the stent. On the other hand, this cloth was associated with exuberant pannus overgrowth on ISLP as compared to ISS [26, 33] . Butany et al. [34] have reported a case in which ISLP valve survived up to 15 years, where pannus had covered the entire stent (both surfaces) and the cusps thus reducing friction and protecting the valve cusp. They also reported a lower incidence of calcification in ISLP, possibly due to antimineralisation treatment [28, 29, 35] and a lower incidence of infective endocarditis 16% in ISLP as compared to ISS (nearly 50%) reported by others [26, 36] . Various reports have shown that the incidence of infective endocarditis in porcine valves was 35% [37] , 19% [38] , and 18% [39] with the increasing duration of implantation. Cooley et al. [31] , in their study of 2788 pericardial valves, reported that freedom from reoperation due to infective endocarditis, 5 years after implantation, was 97.3%.
Hancock Pericardial
8.3.1. Design. The Hancock pericardial valve had a somewhat similar design to the ISLP valve except that the stitches that hold the cusp to their stent were placed further back against the stent and those which loop over the stent tip were also set back over the stent tip. Hancock pericardial valves were preserved in 0.2% glutaraldehyde and treated with an antimineralisation agent. The duration of implantation to failure was 2-7 years. The valve was taken off the market, in about 2 years after its introduction.
Modes of Failure.
Walley et al. [40] proposed that the valve failed due to tears at stents, calcification, fibrosis, and thrombosis. The structural valve deterioration manifesting as cuspal tears was the most common form of primary failure of this valve seen in 73% cases [41] . Tears occurred close to the tip of the stent related to the "top stitch" due to mechanical stress abrasion between the pericardium and the stitch [12, 40, 41] . The tears had similar morphology as seen in ISLP valves. The valve failure due to calcification was infrequent in Hancock pericardial valves as compared to the Hancock porcine valve [42, 43] .
Carpentier Edwards Perimount (CEP)
. This is a secondgeneration pericardial valve introduced in 1982 to overcome the design-related complications of first generation pericardial valves (Ionescu-Shiley) [44] . It undergoes "neutralogic stress free fixation" with glutaraldehyde and treatment with XenoLogix to reduce phospholipid content and prevent calcification [45] . It has cusps that are designed to align like native human aortic valve cusps and has excellent hemodynamics and a user friendly design [46] . reported freedom from SVD at 5, 10, and 15 years to be 99%, 94%, and 77%, respectively. Jamieson et al. [50] reported that 10 years after-implantation, the incidence of SVD was more in CE porcine valve (CE-SAV) as compared to the CEP valve, which could be due to low commissural region stress in CEP valve. Butany et al. have reported that the incidence of SVD was much higher in ISLP valves (71% at, 2-5 years after implantation) and in Hancock II porcine valves (56% at, 5.1 years post implant) [28, 51] as compared to the CEP valves.
Although tears were the main cause of IS valve failure, they were seen in only 30.4% cases of CEP valves [47] . This is due to improved design of the CEP valves where leaflet clamping technique was used to align the leaflets thereby eliminating the use of alignment stitch and retention sutures [48] . Butany et al. [47] reported the growth of some degree of pannus in 100% cases. Machida et al. [48] observed higher degree of pannus on the sewing ring and strut in CEP valves as compared to IS valves. This could be the due to smoother continuity between the cusp and sewing ring in CEP valves than in IS valves. The leaflets were mounted on the outside of a flexible, Dacron-covered Delrin stent to increase the functional area [44] . This model failed due to abrasion damage between the pericardial leaflets and the ribbed Dacron fabric [52] . In 1991 a new model of mitroflow valve (model A12) was introduced. In this design, the Dacron fabric was "flipped over" so that its smoother surface faced the cusp pericardium. The valve is not treated with antimineralization agent [44] . In the limited number of reports available the duration between implantation and explantation has varied from 3 months to 7 years [53] . However, it must be noted that the number of clinically failed valves, as compared to the numbers implanted, is very small. The manufacturer has recommended this valve be implanted in older individuals (currently over 70-75 years). This BHV is apparently easy to implant, has excellent hemodynamics [54] , superior to other cardiac bioprosthesis [55, 56] .
Modes of Failure.
Butany et al. [53] reported that structural valve deterioration (SVD) was the most common mode of failure seen in 58% cases followed by infective endocarditis seen in 42% cases (Figure 4) . SVD appeared in the form of cusp tear and thickening (both seen at the free edge of the cusp and the para-stent post region) (Figure 12 ). Other findings were calcification, pannus, thrombus, and mononuclear cells and macrophages on the cusp surface (Figures 2 and 13) . The high rate of para-stent post cuspal tears, thickening, and tissue degeneration is due to high mechanical stress [2, 9] and abrasion-related damage at this point ( Figure 7 ). The Mitroflow pericardial valves are prone to early calcification because of lack of antimineralization treatment [9] . McGonagle-Wolff and Schoen [52] reported noncalcific tears as the main cause of Mitroflow valve failure followed by calcification. Cunanan et al. [7] found a positive correlation between the phospholipid content of the valve and its tendency to calcify. As the Mitroflow valves have the highest levels of phospholipids in comparison to other BHVs, they are more prone to calcification. Minami et al. [56] have proposed that the implantation of Mitroflow valve should be restricted to patients >75 years of age to avoid early mineralization. Bioprostheses in current use are vastly improved over the initial models. Pericardial bioprostheses have excellent designs and generally good durability, especially the Edwards pericardial. Their ultimate modes of failure are almost the same as in the past, though the Edwards pericardial valve likely fails more with significant stenosis than do the others. They have excellent hemodynamics and good durability.
Conclusion
MHVs are more durable than BHVs. However, their thrombogenic property and need for long-term anticoagulant therapy increase the risk of complications such as hemorrhage. Patient age and compliance are the important factors which govern the use of prosthetic heart valves. Recently the trend favors the use of BHVs because they are safe to implant, similar to the native aortic valve both morphologically and functionally, do not require long-term anticoagulant therapy, and are associated with reduced risk of hemorrhage.
In this paper, we have discussed bioprosthesis and in particular pericardial bioprosthesis, their postimplantation changes and their modes of failure. BHV failure may occur due to general factors, which are common to all valves and also due to factors specific to each particular device. The pericardial valves have excellent hemodynamics and good durability. However, they fail due to tissue degeneration, cusp tears, and mineralization because of design-related problems. With the knowledge of postimplantation complications and modifications in the design of heart valves, the steps could be taken to increase the longevity of prosthetic valves.
